Ordered mesostructured TiO 2 thin films are employed in diverse applications ranging from catalysis and sensing, to photovoltaic and lithium-ion batteries. Experimentally these mesostructured thin films are fabricated via a sol-gel process coupled with evaporation-induced self-assembly of a supramolecular template, where the concentration of hydrogen chloride (HCl) and water play vital roles. We employ a soft, coarse-grained model of the amphiphilic template Brij58 and spherical particles, representing titanium-oxo clusters, to study the role of HCl and water on the formation of mesostructured TiO 2 thin films. The template-cluster and cluster-cluster interactions are reflected in the interaction terms δN BP and ε P P , respectively. The results show that the decrease of HCl (increase of ε P P ) leads to the formation of large mesopores due to the strong attraction between particles, giving rise to a high dispersity index (low order) of the thin films. However, the decrease of water (increase of δN BP ) will compensate the entropic attraction between particles, resulting in thin films with low dispersity index (high order). The variation of the dispersity index in the δN BP -ε P P plane provides an intuitive understanding that the slow evaporation of HCl could drive the film towards uniform mesoporous state whereas fast evaporation pushes the film through a non-uniform phase. These results indicate that even if the mass proportion of the surfactants Brij58 and titanium precursors is the same in the initial solution, the final mesoporous structures could be diverse, which was confirmed by the controlled experiments. We also confirm the postprocessing-towards-order strategy by making the particle's rearrangement available by weakening the ε P P . The outlined procedure paves the way of soft, coarse-grained models to understand the complex co-assembly of transition metal clusters and amphiphilic surfactants towards the rational design of highly ordered mesoporous structures. *
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I. INTRODUCTION
Mesostructured TiO 2 materials have found promising applications in catalysis, sensing, photovoltaic, lithium-ion batteries, and are central for energy applications in solar cells and solar fuels [1] [2] [3] [4] . Among the various applications of TiO 2 materials, mesoporous thin films are of significant importance [5] [6] [7] [8] [9] [10] .
Often these mesostructured thin films are fabricated by the so-called Evaporation-Induced Self-Assembly process (EISA) [11] [12] [13] [14] [15] [16] , which implies the combination of a sol-gel process coupled with the self-assembly of a supramolecular template. An initial solution, comprised of Titanium precursors, amphiphilic surfactants, and co-solvents (e.g., HCl and water), is typically dip-or spin-coated onto a substrate (e.g., silicon wafer, fused silica, or glass). The amphiphilic surfactants (such as PEO-based block copolymers Brij56, Brij58, Pluronic P123, or F127) are employed as structure-directing agents (SDA) that self-assemble, and then also co-assemble with the titanium precursors upon drying, leading to ordered mesostructures [2, 7] . The evaporation of co-solvents gradually concentrates the solution, initializing and synchronizing the self-assembly of the surfactants and the condensation of titanium precursors. A detailed analysis of the titanium-oxo-SDA mesophase formation mechanism, based on spectroscopy, mass spectrometry and in situ SAXS led to propose that the co-assembly of the titanium precursors and amphiphilic surfactants initiates after the freshly deposited films has approached the drying line. At this point, most of the co-solvent has evaporated and, subsequently, the film thickness remains nearly constant. As time progresses, the residual HCl and water gradually evaporate. Mass-spectroscopy experiments demonstrate that the evaporation rate of HCl is slower than that of water [14] . The time-dependent concentrations of co-solvents modulate the condensation ability of titanium precursors and interaction between the precursors and PEO blocks [17, 18] . After treating the freshly obtained mesostructure and removing the surfactants, one eventually obtains mesoporous TiO 2 thin films that can present different degrees of ordering [19] .
The key feature of this fabrication strategy consists in controlling two kinetic processes that take place in parallel: the self-assembly of the SDA upon solvent evaporation, and the fast hydrolysis and condensation rates of the titanium precursor [2, 7] . While the first process can be controlled through external synthesis variables such as the solvent, the atmosphere in which the film is deposited, or a post treatment procedure, Ti(IV) condensation can be controlled through a low-pH environment [18] , stabilizing ligands [20, 21] , nonaqueous media [22, 23] , preformed nanoclusters [17, 24] , and "acid-base pairs" (titanium alkoxide mixed with TiCl 4 ) [25, 26] .
The most extended synthesis route implies the use of titanium chloride in ethanol-water solutions, or titanium alkoxides in highly acidic media; both conditions imply an important concentration of HCl. During the formation of mesostructured TiO 2 thin films, the hydrogen chloride (HCl) and water play different but important roles:
The acid HCl, generated in situ or added, is an efficient inhibitor for the condensation reaction between titanium precursors [18] . However, during the evaporation of ethanol/H 2 O/HCl, the concentration of HCl, and thus the acidity of the deposited film, varies. In the initial titanium precursor solution, the concentration of H + is sufficiently high to prevent the fast condensation of titanium precursors. Upon approaching the drying line, the residual concentration of H + still remains high due to the pronounced decrease of film thickness in the early stage of evaporation. This effect was confirmed by X-ray Absorption Spectroscopy (XAS) and mass spectrometry of freshly deposited films [14] , which indicate the low condensation ability of titanium clusters. As the co-assembly of the surfactant and titanium precursors progresses, however, the residual HCl gradually evaporates and the titanium clusters condense together into ordered mesostructures.
Water also tunes the interaction between PEO-based surfactants and titanium clusters [17] . In non-protic solvents, in the absence of water, there is a strong binding between PEO monomers and Ti(IV) molecular or cluster species due to the transalcoholysis and chelation caused by coordination bonds between the titanium center and the PEO blocks [27] .
However, upon water addition, the strong chelation interactions are replaced by relatively weak dipolar or hydrogen-bond interaction, forming hydrophilic titanium clusters [13, 14, 17] .
Additionally, in anhydrous environment (such as organic solvent ethanol), the repulsion between the hydrophilic PEO and hydrophobic blocks of the amphiphilic surfactants is rather small, which prevents the formation of well ordered mesostructures. Upon adding water, this repulsion between the blocks increases, yielding more ordered mesostructures.
This solubility difference of the blocks also can be effectively increased by the formation of hydrophilic titanium clusters upon addition of water, as discussed previously. Moreover, the existence of water can also promote the hydrolysis-condensation reactions between titanium clusters [18] . However, this effect can be compensated by the inclusion of inorganic acids, such as HCl. These distinct crossed effects illustrate the complex role of water on the formation of ordered mesostructured TiO 2 thin films.
While the complex modulation of the chemistry as a function of the concentration of HCl and water has been investigated rather thoroughly from the experimental point of view, and the time-dependence of the co-solvent concentrations in the course of the fabrication process has been exploited to control the final material, the correlation between the two factors and the physical properties of the final mesostructured TiO 2 thin films, such as the size distribution and the order of the formed mesopores, is only incompletely understood. In addition, advanced applications such as mesoporous (photo)catalysts, solar cells or separation membranes would greatly benefit from a model that establishes a sound base to pre-design relevant materials features, such as mesopore size and spatial organization, which depend not only in the intrinsic SDA size, but also in the complex kinetics implicated in thin film deposition, drying and processing.
Here we devise a coarse-grained model that allows us to explore the role of the concentration of HCl and water on the mesostructure formation. In this exploratory approach, we explicitly model the titanium precursors and surfactants that build the final mesostructured TiO 2 thin film but integrate out the degrees of freedom of the co-solvents. The titanium precursors are represented by small, spherical nanoparticles (NPs) [28] and the PEO-based surfactant, Brij58, by a soft, bead-spring model of an AB diblock copolymer [29] . Within our implicit-solvent model, the effect of the concentration of HCl and water is qualitatively represented through the interactions between the titanium precursors and surfactants. In accord with experimental studies discussed above, HCl chiefly modulates the strength, ε P P , of attraction between nanoparticles (NPs), whereas water additionally affects the affinity, δN BP , between the PEO-based copolymers and the titanium-oxo clusters. This coarse-grained modeling approach allows us to access the large time and length scales of the fabrication process and to systematically investigate the dependence on the co-solvent-induced interactions.
Our paper is organized as follows: In the next section, we describe the modeling and simulation techniques of the PEO-based surfactant Brij58 and titanium-oxo clusters. In
Sec. III, we study the influence of the interaction strengths, ε P P and δN BP , on the size distribution of the mesopores and the variation of the dispersity index. We also show that the structural dispersity can be reduced by post-processing. Subsequently, we discuss the ability of our coarse-grained simulation to understand the formation of mesostructured TiO 2 thin films, and compare it to the simulations of the nanocomposites of block copolymers and NPs. The manuscript concludes with a brief summary and outlook.
II. MODEL AND SIMULATION TECHNIQUE
A. A soft, coarse-grained model for titanium clusters and Brij58
We consider n amphiphilic surfactants and n P nanoparticles in a volume V with periodic boundary conditions at a constant temperature T . The molecular contour is discretized into N beads. Neighboring beads along the molecular backbone are connected by harmonic springs
where r i,s with i = 1, · · · , n and s = 1, · · · , N denotes the coordinate of the s th bead on surfactant i. R e0 denotes the end-to-end distance of the chain molecules in the absence of non-bonded interactions. parameter, R e0 , and the end-to-end distance, R e , in a melt.
The mass density of Brij58 is 1.018 g/cm 3 with the molecular weight of 1123 g/mol.
root of the invariant degree of polymerization,
i.e., the number of amphiphiles is given by n = √ N V /R e0 .
During the EISA process, the inclusion of HCl in the titanium precursor solutions inhibits the fast condensation of precursors [30] . According to small angle X-ray scattering measurements [31, 32] , titanium-oxo subunit clusters of approximate size 2 nm are the nano building blocks for the co-assembly process that ensues after passing the drying line. Therefore we model these titanium-containing subunit clusters as spherical NPs. These NPs interact via a Lennard-Jones potential
where r denotes the distance between the particle centers. This interaction between NPs defines their shape and size. The diameter of the spherical NPs is σ P P = 0.668R e0 ≈ 2.6 nm.
The Lennard-Jones potential is cut-off and shifted to zero at the distance r cut = 1.5R e0 = 2.2455σ P P , i.e, beyond the minimum at r min = 2 1/6 σ P P . The strength of NP attraction, ε P P , tailors the condensation ability between the modeled titanium clusters.
The other non-bonded interactions are catered for by an excess free-energy functional of the local normalized densities of hydrophobic and hydrophilic beads and NPs, φ A (r), φ B (r), and φ P (r), respectively. Here the local microscopic A density φ A (r) is defined as:
where γ i,s = 1 if the sth segment is of type A and 0 otherwise. A similar expression holds for the microscopic B density. The density of nanoparticles is defined as φ P (r) =
where R core = 0.3R e0 and ξ = 0.15R e0 denote the core radius of the NP and the width of its surface, respectively. We note that the width of the surface region between the NP and the amphiphiles is rather broad. In our model, this width of the spherical NP qualitatively accounts the rather irregular shape of the titanium-oxo subunits, that have been generated by sol-gel processing [30] and is independent from the environment.
The densities are employed to compute the remaining non-bonded interactions between the segments of the amphiphiles and the NPs. The first term accounts for the limited compressibility of the liquid comprised of amphiphiles and NPs
where κN is proportional to the inverse isothermal compressibility. In our simulations we use the value κN = 80.
The second contribution describes the repulsion between the hydrophobic and hydrophilic beads of the amphiphile
where the combination, χN , of Flory-Huggins parameter and number of beads per molecule parameterizes the repulsion between the two blocks of the amphiphiles that gives rise to microphase separation. Since the HCl and water are integrated out in our soft coarsegrained model, also the pH only has minor influence on the effective repulsion between the two blocks of Brij58, its influences on the phase behaviour of Brij58 could be effectively incorporated into the parameter χN . In the simulation we use the value χN = 30 that suffices to introduce microphase separation of the structure-directing agent (SDA). Here we do not expect a pronounced change of the effective Brij58 interactions in the course of structure formation, the χN value remains constant.
The third contribution that controls the interaction between the NPs and amphiphiles takes a similar form
Here δN BP > 0 controls the magnitude of attractive interaction between NPs and the hydrophilic block of the amphiphiles, representing the affinity between the hydrophilic titanium 8 View Article Online clusters and PEO [27] . As discussed above, this affinity depends on the water concentration during the co-assembly process. As the residual water evaporates, the affinity between the titanium clusters and the PEO blocks increases from hydrogen bonding to strong chelation interactions. A positive value of δN AP = 50, in turn, gives rise to a repulsion between NPs and hydrophobic A blocks. 
These densities are computed on a collocation grid [29] with cell size ∆L. Each cell is identified by its index c. The local microscopic density of A segments on cell c, φ A (c), is defined as
where the assignment function Π(c, r) is normalized c Π(c, r) = 1 ∀r and drΠ(c, r) = ∆L 3 ∀c
Here we choose the first-order assignment function:
with
For the density of NPs, we can also define a function Λ(c, r) to assign the NP density from the continuous space φ P (r) onto the grid-based space φ P (c) by
To directly relate the NP position r i to the cell position c, the simplest way is by choosing the assignment function of Λ(c, r) = δ(c − r). Then the NP density on cell c is obtained by:
This completes the description of the model. Unless stated explicitly otherwise, we employ the simulation parameters that are compiled in Tab. I.
B. Behavior of a single titanium cluster
To illustrate the assignment of the NPs onto the collocation grid and study the role of the different interaction parameters, we first present the behavior of a single NP in a melt of A homopolymers. The interaction between the polymer segments is varied from δN AP = −50, corresponding to an attraction between the polymer and the NP, over neutral NPs with δN AP = 0, to hydrophobic polymers that repel the NPs, δN AP = 50. We employ a small simulation cell with geometry 3R e0 × 3R e0 × 3R e0 but use the same spacing of the collocation grid of ∆L = 0.05R e0 as in all other simulations. The width, R P P − R core = 0.15R e0 , of the NP surface is resolved by 3 grid points. Fig. 1(a) shows the average density profiles, φ P (r) and φ A (r), of NP and polymer beads as a function of the distance from the NP's center. Compared to the continuous NP density plotted directly from Eq. (4), the grid-based φ P (r) is closer to the NP center, which originates from the assignment of NP density from the continuous space onto the collocation grid. The inverse compressibility, κN , is sufficiently large to expel the polymer beads from the inside of the NP for the repulsive and neutral NPs. However, for the attractive NP, the κN -term cannot completely expel the polymer beads due to the lower energy of overlapping NP and A beads. Therefore, we add an additional repulsive hard-sphere potential inside the core of the NPs and reject any trial moves of polymer beads into the NP core. Upon changing the interactions between the NP and the polymer from repulsive to attractive, the homopolymers approach the NP and the interface between the polymer and NP shifts inwards. In our simulation, the position of NPs and polymer beads can adopt continuous values, whereas the non-bonded interaction is computed via a collocation grid [28] . This collocation grid breaks translational invariance and the density profiles slightly depend on the specific position of the NP center within a grid cell. To quantify these grid artifacts, we choose 5 random positions of the NP center within one grid cell and calculate the corresponding density profiles for a repulsive NP. The results, shown in the inset of Fig. 1(a) , demonstrate that the grid artifacts are vanishingly small for the chosen parameters, i.e., the NP position do not register with the collocation grid and the random off-lattice movement of NPs will not be affected by spurious, grid-based energy barriers.
The monomer positions are updated by Smart Monte Carlo algorithm [33] , whereas the configuration of NPs is updated by random, local Monte-Carlo displacements with a maximal trial displacement of δR in each Cartesian direction. If δR is chosen too small, the NPs do not move far in a MC step. Excessively large values of δR, in turn, result in a small acceptance ratio of MC moves because of the energy penalty associated with overlaps of NP and surrounding polymer, also giving rise to a slow movement of NPs. To estimate a suitable value of δR, we study the dynamics of 100 NPs in a system of 3.6 × 3.6 × 3.6R ) as a function of δR for various interactions between NPs and polymers. The displacement is maximized by the choice δR * ≈ 0.05R e0 , and this behavior is rather independent from the NP-polymer interaction. In our simulation we choose a slightly smaller δR = 0.01R e0 with the acceptance rate of 0.16.
III. RESULTS AND DISCUSSION
A. Influence of condensation ability on the mesoporous thin film
The influence of the two control variables, HCl and water concentration, is captured by varying the strength, ε P P , of attraction between NPs and the affinity, δN BP between the NPs and the B block of the amphiphiles. The morphology after passing the drying line is studied by investigating the structure formation from a disordered starting configuration in a slab geometry (see Tab. I). obtain the statistical properties of the mesoporous thin films for discussion via averaging the configurations between t = 300 000 and 400 000 SMC from 10 independent simulations.
One can easily observe in Fig. 2(a) that the pore size obtained at t = 400 000 for ε P P = 17.0 is rather non-uniform (see red arrow). To make a comparison, we show the snapshot of mesoporous thin film obtained from the same δN BP = 75, but different, lower ε P P = 3.0.
Results shown in Fig. 2(a) qualitatively illustrate a uniform pore-size distribution. The time evolution of the dispersity index (see Eq. 16) shown in Fig. 2(b) also confirms that the weak condensation ability gives rise to a rather uniform structure-size distribution.
To quantify this effect, we calculate the normalized size distribution of pores, P (σ). The pore area, σ, is calculated from projected 2D snapshots (see inset of Fig. 2(c) ) obtained from the 3D NP density in the slab geometry (see Fig. 2(a) ). The results have been averaged over 10 independent simulation runs and for each run 20 snapshots within a time interval between t = 300 000 and 400 000 SMC have been analyzed. Fig. 2(c) presents the size distribution of mesopores. This distribution exhibits a maximum at σ 1 = 0.625R 2 e0 for weak ε P P = 3, with the diameter of the mesopore around 0.89R e0 ≃ 3.53nm. This is in the same range of the typical Brij58 micelle size (R g = 3.2nm) measured from SAXS [34] . However, the peak of the distribution shifts to σ 2 = 0.75R 2 e0 at strong ε P P = 17. This result indicates that an increase of the NP condensation ability results in mesoporous structures with larger pores.
We complement this structural information by the calculation of the experimentally accessible, collective structure factor of the NP density,
and present in Figs. 3(a) and 3(b) the time evolution of the spherical averaged structure factor, S coll (q, t) = S coll (q, t) , for ε P P = 3 and 17. Here the average is performed over 10 independent simulation runs and the different orientations of the wavevector.
The structure factor exhibits a maximum, whose wavevector, q max , is proportional to the inverse distance between the pores illustrated in the snapshots, Figs. 2(a) and 2(b), and whose height increases with time. The increase of the peak height is fast at early stages of To quantify the evolution of the characteristic length scale, we consider the first moment of S coll (q, t)
where the integral is extended from qR e0 = 2 to 9 around the peak position, c.f. Figs. 3 (a) and 3(b). In Fig. 3(c) we present the time evolution of q(t) for the two condensation abilities, ε P P = 3 and 17. In both cases, the peak of S coll initially emerges at q max R e0 ∼ q R e0 ≈ 5.6
and slightly decreases with time. For the weak ε P P , q(t) appears to cross over to a plateau, q R e0 ≈ 4.2, whereas q(t) gradually decreases during the entire simulation for the larger value of ε P P . This is consistent with the larger pore sizes observed in the latter case, c.f. Fig. 2 (c).
The snapshots also indicate a possible coarsening mechanism: In the course of (micro)phase separation, the NPs condense into an open network of clusters, whose pores are filled with the structure-directing copolymer. The initial cluster-size distribution is dictated by the spinodal-like phase separation in the NP-copolymer system. For large ε P P , however, there is a strong thermodynamic driving force for additional NP aggregation. This NP aggregation proceeds via a local collapse of some network connections (or pore walls), resulting in a merging of neighboring pores and a concomitant increase of q . This merging of the initially formed pores during the late stages for large ε P P is supported by the indication of a shoulder in P (σ) around σ = 1.75R 2 e0 ≈ 2σ max and the excess collective scattering around qR e0 ≈ 2.5 ≈ q max / √ 2. On the scales accessible to our simulation, this coarsening mechanism does not give rise to a self-similar size distribution but rather broadens the size distribution of mesopores and increases their inhomogeneity. We will systematically discuss the variation of pore inhomogeneity as a function of the condensation ability, ε P P , in
Sec. III C.
B. Influence of NP-B block affinity on the pore size distribution
The second, important control variable -the water concentration -is parameterized in our coarse-grained model by the affinity, δN BP , between the hydrophilic titanium clusters and the B block of the amphiphiles, representing the PEO block. In this section, the condensation ability remains constant, ε P P = 3, and δN BP was systematically varied. Fig. 4(a) presents the variation of the size distribution, P (σ), of mesopores as a function of the NP-B block affinity, δN BP . As δN BP increases, the mean pore size decreases and the size distribution becomes narrower, indicating that pore sizes become more homogeneous.
Panel (b) depicts the time evolution of the collective structure factor for δN BP = 50. Qualitatively similar to Fig. 3(a) , which uses the same ε P P but a larger affinity δN BP = 75, we initially observe a peak in the structure factor at q max R e0 ≈ 4 that grows and gradually shifts towards smaller wavevectors. The main difference between the two systems is that for the larger affinity, δN BP = 75 in Fig. 3(a) , the system appears to gradually approach a stationary state within the simulation time whereas the height of the collective structure factor S coll (q max ) continuously increases throughout the simulated time window for the weaker affinity, δN BP = 50 in Fig. 4(b) . For the low affinity, δN BP = 50, however, the peak height of S coll continues to increase, indicating that the contrast between the NP-rich and polymer-rich regions becomes more pronounced.
The inset of Fig. 4(b) shows the time evolution of q(t) . These values decrease in time,
indicating the gradual coarsening of the pore size. At equal times, the characteristic size decreases with the affinity between the PEO-blocks and the titanium-oxo NPs. In both cases of affinity, q(t) appears to approach a plateau value at the end of the simulated time window. This suggestion is qualitatively supported by the snapshots in Fig. 4(c) , depicting local rearrangements of NPs that result in a more compact packing at t = 4 × 10 5 SMC.
In order to quantify the packing of the NPs, in Fig. 5(a) , we compare the radial distribution functions, g(r), of the NP centers for different affinities, δN BP . The direct interaction, U P P , between the NPs, Eq. (2), exhibits an attractive minimum at r min = 2 1/6 σ P P ≈ 0.75R e0 .
This preferred distance is indicated by the vertical line in inset of panel (a). In our simulations, however, we observe that the most probable distance in the NP-copolymer mixture is shifted toward smaller values, and that this decrease is the more pronounced the weaker is the affinity, δN BP , between the NPs and the hydrophilic block of the copolymers, i.e., there exists an effective, polymer-mediated attraction between the NPs. Its strength can be controlled by δN BP which, in turn, is related to the water concentration in the experiment.
This effective, polymer-mediated attraction between NPs is qualitative similar to the depletion interaction in NP-polymer mixtures [35, 36] . Note that the Hamiltonian, H comp nb , gives rise to a repulsion between all particle species. In a concentrated polymer solution, the range of the depletion interaction is set by the correlation length of density fluctuations or, equivalently, the width of the interface between the NP and the concentrated solution. This Collective structure factor of mesoporous structure formed with √ N = 68 at distinct time t. Other parameters are the same as in Fig. 4(b) . Inset compares the radial distribution functions for √ N = 34 and 68.
length scale decreases with the polymer density as
is the Fixman parameter with the second-order virial coefficient, υ = κ/ρ 0 ), and its effect on the depletion interactions has previously been studied in polymer-colloid systems [38] . In order to validate this rational, we perform additional simulations at a higher copolymer density (increasing √ N from 34 to 68) with modified non-bonded interactions, see Appendix.
Plotting g(r) for the different copolymer densities in the inset of Fig. 5(b) , we observe that the preferred NP distance for the higher density is closer to the value, r min , of the direct interaction, U P P , i.e., as expected, the effect of the depletion attraction is much reduced.
The time evolution of the collective structure factor for √ N = 68 and δN BP = 50, presented in the main panel of Fig. 5(b) , is rather similar to the behavior at low copolymer density but larger affinity, √ N = 34 and δN BP = 75, because S coll appears to approach a stationary state.
One important difference between the depletion interaction in NP-polymer mixtures that only consider excluded-volume interactions consists in the adsorption of the hydrophilic B block onto the NP. This more complex arrangement of copolymers on the NP surface makes a quantitative comparison to theoretical predictions difficult and, more importantly, allows us to tailor the effective, copolymer-mediated attraction between NPs by the affinity, δN BP .
Increasing δN BP , the B blocks of the copolymers adsorb onto the NPs and we can reduce the NP attraction, in accord with the data in Fig. 5 
(a). The increased attraction between
NPs at smaller values of δN BP thus rationalizes the more compact packing of NPs and the slowing down of coarsening in the late stages presented in Fig. 4 .
Both, by increasing ε P P or decreasing δN BP , we enhance the attraction between NPs. The local packing structure, however, differs because in the former case, the preferred distance between NPs remains unaltered whereas in the latter case the NPs approach each other.
Thus, the difference in local arrangements affects the NP mobility and, potentially, the mechanical properties of the final mesoporous structure.
The simulation result that smaller δN BP (high water concentration) generates a broader pore size distribution (low order) could be compared with the experimental observations. In experiments, the freshly deposited films obtained from distinct hydrolysis ratio h were put in a container with the relative humidity (RH) in the range of 10-80% [14] . Results showed that at distinct RH, the intensity of X-ray diffraction peak at high hydrolysis ratio h=20 is always smaller than that at h=15. This loss of mesoscale ordering for higher h values can be additionally ascribed to a slower evaporation rate, that leads to the formation of ill-defined mesostructures in conditions where the template-inorganic nanobuilding block mesostructure is swollen. In addition, in this swollen structure obtained after longer evaporation times, a significant departure of HCl is expected. Therefore, both issues (dilute medium and enhanced condensation) result in a local order mesostructure with larger interpore distances.
This is particularly marked for high RH values.
Other experiments showed that the prolonged treatment of Brij58/TiO 2 thin films at RH> 70% was detrimental to the ordering of mesostructure [16] , which can be interpreted in the same vein. These in principle unexpected trends (i.e., decreasing water increases the mesoscopic ordering of mesoporous films) are consistent with our simulation results. It should be noted that further decreasing hydrolysis ratio (water content) to h ≤15, the film morphologies became less ordered [14] . At extremely low RH≤ 15% and small h ≤5, no organized morphology emerges. These results are summarized as an empirical conclusion:
adding water improves the order of mesoporous thin films [14] . The reason why our model cannot reproduce this phenomenon can be explained as follows. In the extremely low water content, the strong chelation interaction (the magnitude is similar to the bonded interaction between monomers) between the titanium precursors and PEO templates significantly changes the configuration of the PEO chain [17] , forming an effective "hybrid molecule".
In this sense, our soft coarse-grained modeling of the Brij58 and titanium precursors as independent entities is not sufficient to capture the chemical details and also the dynamics in real experiments. Alternative simulation models, accounting for the strong chelations between the titanium precursors and PEO templates, are required for explaining the effects of water at extremely low water content.
C. Dispersity of mesopores
From above discussion, we found that both the condensation ability ε P P and the NP-B block affinity δN BP can influence the size distribution of formed mesopores (see the P (σ) in Fig. 2(c) and Fig. 4(a) ). It would be interesting to explore this influence via systematically varying the parameters of ε P P and δN BP . Before we proceed to next step, it would make the analysis easier by defining an "order parameter", which could characterize the variation of size distribution of mesopores. This can be done by calculating the dispersity index of the mesopore area, defined by
where S w = Σ i n i σ 2 i /Σ i n i σ i is the weight average pore area and S n = Σ i n i σ i /Σ i n i is the number average pore area. Here n i is the number of mesopores with area σ i obtained from sample, d 110 = 6.45 nm. The larger interpore distance obtained for the disordered structure is consistent with our simulation results shown in Fig.2(c) .
As discussed previously, the condensation ability between NPs in real experiments is mainly controlled by the acidity in the solution, while the NP-B block affinity depends on the volume fraction of water. For the freshly deposited films, both the ε P P and δN BP are small due to the existence of residual water and acid. In the course of the co-assembly process, water evaporates until a dynamical equilibrium with the humid atmosphere (controlled by RH from experiments) is achieved, leading to an increase of δN BP . However, the exchange of water between the film and the atmosphere drives the continuous evaporation of HCl, giving rise to an increase of ε P P . In most cases, water and acid evaporates simultaneously, but with different evaporation rates [14] . This gives rise to different variation rates of ε P P and δN BP , thereby generating two possible routes (plotted as route A and route B in Fig.6) when the system evolves from the initial state (S) towards final state (E). For the route A, the ε P P increases rapidly compared to the δN BP , thus the system enters the high dispersity region first, then approaches the end point. During this process, if there exists some freeenergy barriers between the high dispersity region and the end point, the system might be trapped in the high-dispersity region with non-uniformed pore-size distribution. While for the route B, δN BP increases quickly compared to ε P P , and the system first enters into lower-dispersity area. In this area, the system normally stays in a favorable metastable state, where further evaporation of HCl (increase of ε P P ) can not easily change the morphologies. Thus, with high probability, the formed mesopores show a uniform size distribution. These arguments imply that different evaporation rates between water and acid might drive the system into metastable states with uniform or non-uniform pores, respectively. Although Fig. 6 does not provide a real kinetic route, the above arguments still provide some intuitive understandings about the influence of the distinct evaporation rates of co-solvents on the pore-size distribution of mesostructured thin films.
D. Post processing of mesoporous thin films
In experiments, the obtained mesoporous thin films sometimes show non-uniform pore size distributions due to the complex preparation history. In this case, a post-processing treatment is normally employed to process the sample towards high ordered mesoporous It is clearly shown that the peak of pore size distribution becomes narrower, and the long tail region of P (σ) (with σ > 1.5R 2 e ) disappears after the post-processing treatment. The dispersity index D indeed decreases from 1.17 to 1.08 after post processing, confirming the phenomena of "post-processing towards high order". The comparison between the structure factors at t=400 000SMC (see inset of Fig. 8(a) ) also shows a narrower peak after post processing, indicating the more uniform mesostructured thin films.
Interestingly, we find that the dispersity index after post processing D = 1.08 is nearly equal to the value of D = 1.09 obtained from the mesoporous structure directly formed at weak condensation ability ε P P = 3.0. We compare the size distribution and the collective structure factor of these two different cases, see Fig. 8(b) . The shape of the two size distribution peaks are nearly the same, with only a small shift of the maximum. This implies that one can use the post processing treatment to obtain the mesostructured thin films with uniform but slightly larger pores, which provides an alternative way to tune the pore size of the uniform mesostructured thin films.
E. Discussion
In previous sections, we have shown that the soft coarse-grained models of block copolymers and nanoparticles (NPs) can be employed to simulate and study the co-assembly of the surfactant Brij58 and titanium subunit clusters towards ordered mesostructured TiO 2 thin films. The complex roles of the water and HCl during the co-assembly process has implicitly been incorporated into the interactions of NP-B block affinity δN BP and the NP-NP condensation ability ε P P . The obtained results show how the two parameters independently influence the pore size distribution, and also the dispersity index of the mesoporous thin films. These findings successfully confirm the distinct roles of water and HCl on the final mesostructured thin films.
Although the simulation results are in good agreements with experiments, there are still some important aspects that cannot be captured by our models. For example, the lack of explicitly consideration of water makes it impossible to consider the local swelling induced by water, such as water from air (high RH). As measured in experiments [14] , the film thickness at RH=70% is nearly twice as that at RH≤ 20%. This excess amount of water is mainly filled in the hydrophilic region constructed by titanium clusters and PEO chains, resulting in the increase of the effective volume fraction of hydrophilic species during the co-assembly process. This gives rise to the transition of the system towards highly curved phase [40] .
Another point is that the effective H-bonds or intermolecular interactions between water and HCl might influence the distinct evaporation rates of HCl and water. Also, as pointed out in Sec. III B, at very low water content, the strong chelation interaction (the magnitude is at the level of covalent bond) between titanium cores and the PEO chains will change the structure of the amphiphilic surfactants, which makes our soft coarse-grained models of surfactants unreliable in this extremely low water situation.
However, the outlined simulation procedure still holds advantages. For example, our simulation procedure enables the investigation of the influence of one parameter (such as ε P P and δN BP ) on the final mesoporous structure while keeping all the other parameters constant, which is not easy to be done in experiments due to the simultaneous variation of all the contributions. This is useful for identifying the different mechanisms, such as entropic attractions, on the final mesostructured thin films. Also the simulations can account for the kinetics of the co-assembly at specific parameters via monitoring the time evolution of the structure factors, as discussed in the previous sections.
Previous simulations have studied the synthesis and formation of ordered mesoporous silica materials by directly considering the sol-gel process of silicon precursors [41] . A lattice model, which ignores the microscopic silica condensation kinetics and monomer mass transport, was employed to simulate the silica polymerization during sol-gel process [42] . The distribution of the fraction of silicon atoms connected to n bridging oxygen atoms has been calculated from simulation, in good agreement with experimental NMR results [43] . Based on the same model, a two step simulation procedure has been chosen to study the formation of mesoporous silica materials [44] : in the first step, the silicon precursors and surfactant spontaneously form into lamellar or hexagonal ordered structures, while in the second step, the silica condensation was initiated to obtain the high ordered hexagonal arrays. This twostep procedure is available for silica systems due to the slow reactivity of silica precursors.
However, for the titanium precursors, the high reactivity indicates that the condensation already occurs during the co-assembly process [45] , and makes it difficult to separate the self-assembly of surfactants and the condensation of titanium clusters.
It is also worthy to compare our simulations with the self-assembly of block copolymer and nanoparticle (BCP-NP) composites. Most of the driving force of BCP-NP composites comes from the requirements of enhanced mechanical, optical, electrical, and photovoltaic properties of the formed nanomaterials [46] [47] [48] [49] [50] . The prepared nanoparticles with controlled size (normally comparable to the polymer coil size), shape, and surface properties were embedded into selected domain of phase-separated block copolymers via melt mixing or solution casting, generating ordered block polymer-nanoparticles composites with desired properties.
In most of the cases, the interactions of polymer-NP and NP-NP stay nearly constant during the co-assembly process. Based on this feature, many theories [51] [52] [53] [54] [55] and simulations [56, 57] were employed to study the phase behaviors of these composites. Although the investigated system in our simulations (block copolymers and titanium-oxo clusters) looks similar to the widely investigated BCP-NP composites, the addressed issues are very different. During the formation of mesostructured TiO 2 thin films, the co-solvents such as water and HCl play vital roles during the co-assemble process via influencing the BCP-NP and NP-NP interactions. Our modeling process simplifies the simulations by incorporating the effects of water and HCl independently into distinct interactions to study its role on the formation of final mesostructure. The outlined procedure paves the way for investigating the co-assembly process of transition metal precursors and amphiphilic surfactants via coarse-grained models, only with the need of careful handling of the effects of versatile water and condensation inhibitors HCl during the formation process. We anticipate that this approach can also be very useful to understand the mechanisms of formation of films or aerosols obtained via inhibitors such as acetylacetone [58] and novel low-valence mesoporous oxides (i.e., NiO, CoO, Al 2 O 3 ) that use the self-assembly of pre-formed inorganic nanobuilding blocks with block-copolymer SDA [59] .
IV. CONCLUSION
In summary, we employ the soft coarse-grained model of amphiphilic surfactant Brij58 and spherical particles of titanium subunit clusters to study the role of HCl and water on the formation of mesostructured TiO 2 thin films. The formation kinetics of mesoporous thin films are systematically studied and compared at different condensation ability ε P P and the NP-B block affinity δN BP . Results show that the effective attraction between NPs could be enhanced both by increasing ε P P or decreasing δN BP . The local packing structure, however, differs because in the former case, the preferred distance between NPs remains unaltered whereas in the latter case the NPs approach each other. This gives rise to the various mesoporous properties. The variation of dispersity index on the δN BP -ε P P plane indicates that the slow evaporation of HCl might drive the film into uniform mesoporous thin films while the fast evaporation pushes the film into non-uniformed phase. These results indicate that even the mass proportion of the surfactants Brij58 and titanium precursors is the same in the initial solution, the final mesoporous structures could be diverse, which was confirmed by the controlled experiments. We also confirm the "post-processing towards order" via making the rearrangement of NPs available by weakening the condensation ability ε P P . This in-depth understanding opens the path for a rational design of a variety of thin films or colloidal mesoporous materials with multiple applications. 
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The interactions between A homopolymer and NP are set to be neutral, δN AP = 0, while κN is set to be 80. The A monomer density near the NP shown in the inset of Fig. 10 clearly demonstrates that the interface does not change as √ N (polymer concentration in our simulation) increases from 34 to 68. To account for this phenomenon, we write the normalized density φ A (r) = ρ 
Here Π(c, r) is the assignment function which obeys [29] c Π(c, r) = 1 ∀r and drΠ(c, r) = ∆L 3 ∀c 
However, as φ P (r) does not change during the variation of √ N , the integral of drφ ′ A (r)φ P (r) depends unphysically on α. To eliminate this effect, we choose φ ′ P (r) = α −1 φ P (r) and inset it into Eq.22. Eventually we obtain the modified nonbonded interaction term Based on the above discussion, we can rewrite the nonbonded interactions for the AB block copolymers and nanoparticles as:
Here the last term which characterizes the phase separation between A and B blocks does not change, to make sure that the AB diblock copolymers do not enter other phases by increasing the monomer density. This modified nonbonded interactions could account for the concentration induced depletion effects between nanoparticles in B domains, and simulta- 
